Abstract: Wide-angle X-ray solution scattering (WAXS) patterns contain substantial information about the structure and dynamics of a protein. Solution scattering from a rigid protein can be predicted from atomic coordinate sets to within experimental error. However, structural fluctuations of proteins in solution can lead to significant changes in the observed intensities. The magnitude and form of these changes contain information about the nature and spatial extent of structural fluctuations in the protein. Molecular dynamics (MD) simulations based on a crystal structure and selected force field generate models for protein internal motions, and here we demonstrate that they can be used to predict the impact of structural fluctuations on solution scattering data. In cases where the observed and calculated intensities correspond, we can conclude that the X-ray scattering provides direct experimental validation of the structural and MD results. In cases where calculated and observed intensities are at odds, the inconsistencies can be used to determine the origins of these discrepancies. They may be because of overestimates or underestimates of structural fluctuations in MD simulations, under-sampling of the structural ensemble in the simulations, errors in the structural model, or a mismatch between the experimental conditions and the parameters used in carrying out the MD simulation.
Introduction
Accurate prediction of the solution scattering pattern of a protein has many potential benefits, including testing models of protein structure and flexibility.
Characterization of conformational fluctuations of proteins in solution may provide important insights into protein activity because these fluctuations frequent low energy pathways that have evolved in support of protein function. 1 Paradoxically, slow, large-scale fluctuations associated with many protein functions often prove the most challenging for study: (i) they may be constrained by intermolecular contacts in crystal lattices, restricting their study by crystallographic techniques; (ii) their relaxation times are incompatible with conventional nuclear magnetic resonance (NMR) techniques and indirect NMR approaches produce limited information that preclude detailed analyses; 2 and (iii) these motions occur over time frames prohibitively long for conventional molecular dynamics (MD) simulations, motivating the development of coarse-grained approaches that rely on approximations that may not be fully validated. The limitations in existing biophysical methods to the study of these fluctuations provide strong motivation for developing novel approaches. Wide-angle X-ray solution scattering (WAXS) has proven relatively sensitive to structural fluctuations, 3 in contrast to the lower resolution data obtained by conventional small-angle X-ray scattering (SAXS). Although containing no dynamical information, per se, WAXS data reflect the structural heterogeneity intrinsic to the entire conformational ensemble in solution.
Comparison of WAXS from proteins in solution with that predicted for rigid proteins often identifies discrepancies that can be attributed to structural fluctuations and can provide information about the spatial scale and nature of those fluctuations 4,5 in a manner not possible with SAXS. The Debye formula 6 should, in principle, provide a simple basis for the calculation of solution scattering from atomic coordinates, but accounting for solvent molecules in the hydration layer and the volume of solvent excluded by the protein complicates the calculation. Several strategies have been used to account for excluded volume, 7-9 most involving recalculation of the electron density of protein atoms relative to the average electron density of solvent. However, the hydration layer also contributes to the scattering because packing of water molecules immediately adjacent to the protein is typically~10% denser than in bulk. 10 These issues were addressed in development of the widely used software package, CRYSOL, 11 which uses a continuum model for the hydration layer and an efficient computation of excluded volume. It further provides the option to refine parameters characterizing excluded volume and hydration to minimize difference between calculated and observed intensities. With default parameters, CRYSOL is often accurate in the lower resolution SAXS regime, but not necessarily at wider angles of scattering, typically leading to an underestimate of scattering in the higher resolution WAXS regime. 12 Refinement with CRYSOL often results in good agreement to the data, but may require physically unrealistic parameter values for excluded volume and hydration layer, bringing into question the relevance of the refinement process. 13 Modeling the hydration layer using explicit atom water provides a more accurate estimate of scattered intensity without the need for adjustable parameters. 12, 14 This approach requires placement of individual water molecules about the protein, most accurately carried out using MD simulations, 12 although more empirical approaches have exhibited success. 14 Typically, 50 or more "snapshots" of water about the protein are required to produce a meaningful average calculated intensity. Excluded volume is not an issue when explicit atom water molecules are used. Calculating the difference in predicted intensity between a "water droplet" containing the protein and a second "water droplet" of identical size and shape, containing only water molecules, accounts for the impact of bulk solvent at the protein surface. 12 This approach provides prediction of intensity that, in many cases, is within experimental error for rigid proteins. However, solution scattering data is highly sensitive to structural fluctuations, and the scattering from a flexible protein in solution can be very different from that predicted assuming it is rigid. 4, 5 Many approaches to this problem have been discussed, such as producing a representative ensemble of protein structures, predicting the scattering from each member of the ensemble and modeling the observed scattering as a linear combination of these scattering patterns; 15, 16 or predicting the SAXS profile by taking account of the thermal motions on the molecular component of the solution scattering of a single state of the macromolecule. 17 Although a powerful and informative approach, construction of an ensemble of this kind may require postulation of details that will not be evident in the solution scattering pattern, and thereby not experimentally testable. Consequently, simpler approaches to modeling of scattering from a structural ensemble are worth pursuing. In fact, all the information needed to reconstruct solution scattering is contained in a histogram of interatomic distances, the pair-distribution function, p(r). It can be calculated from solution scattering intensity and, conversely, can be used to calculate the solution scattering intensity. 18, 19 The p(r) also provides a simple way to model the impact of fluctuations on solution scattering: interatomic vectors that would all be the same length in a solution of identical, rigid proteins, will, in a solution of flexible proteins, take on a range of lengths. This means that the pair-distribution function of a flexible protein can be calculated from that of a rigid protein by convolution of the pair-distribution function of a rigid protein, p r (r), with the distribution of length changes generated by intramolecular motion. The nature and breadth of that distribution will vary with interatomic vector length and its impact on p(r) can be expressed as a generalized convolution:
where molecular motion alters interatomic vector lengths, r, by amounts, s, with a measure of how often each fluctuation occurs given by v(s, r), which is, itself, a function of interatomic vector length. The standard deviation of v(s, r) is designated as σ(r) and its variation with r is referred to here as a sigma-r distribution. In wide-angle solution scattering, it is possible to estimate σ(r) from the difference between the pair distribution function of a rigid protein, p r (r), and that calculated directly from observed intensity, p obs (r), by searching for an estimate, v e (r − s, r), that minimizes
In many cases, the distribution, v e (r − s, r), can be approximated as a Gaussian,
Under conditions where this approximation is valid, the combination of pair-distribution function and sigma-r distribution contains all information necessary for calculating the impact of fluctuations on the solution scattering. p(r) can be calculated from an atomic coordinate set such as those available in the Protein Data Bank (PDB), and σ(r) can be calculated from atomic coordinates generated by an MD trajectory. To be used as a basis for calculation of solution scattering data, the MD trajectory must be long enough to provide an unbiased sample of the ensemble of structures that the protein exhibits in solution. MD approaches to assure the generation of an unbiased sampling of a structural ensemble remain uncertain and developing approaches for experimental validation is important.
Reduction of the information in an MD trajectory to a sigma-r distribution amounts to a huge data compression from the gigabytes needed to specify the atomic coordinates of every atom at every time point in the trajectory, to a single onedimensional plot. Nevertheless, we have shown that it has the advantage of (i) supporting computationally efficient estimation of scattering from a flexible protein (ii) making possible direct comparison of MD results with results from WAXS experiments; and (iii) providing a simple, intuitively clear representation of the nature and magnitude of global fluctuations in the molecule during the trajectory. 20 Comparison of sigma-r plots from WAXS patterns and MD simulations from HIV protease 5 21, 22 Ras is a GTPase at the hub of signal transduction cascades that control cell proliferation, migration and survival, and its mutants are found in about 20% of human cancers. 23 Ras is at rest when bound to GDP and active in the GTP-bound form. 24 While Ras bound to GDP has essentially the same canonical conformation in all structures found in the PDB, regardless of isoform (H-Ras, K-Ras or N-Ras), a variety of conformational states have been observed for Ras proteins bound to GTP analogues that reflect a significantly larger range of accessible conformations. 25 The structures of H-Ras and its mutants bound to the GTP analogue guanylyl-5-imidodiphosphate (GNP for short) have been extensively studied, revealing several conformational states associated with Switch I (residues [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] and Switch II (residues 60-76). 26 In particular, Switch I can attain a closed state compatible with effector binding and GTP hydrolysis and an open state associated with nucleotide exchange. 27 Switch II is modulated by an allosteric site, which promotes the transition from a disordered T-state to an ordered Rstate conformation conducive to GTP hydrolysis.
25,28
Here we use WAXS data to experimentally compare the flexibility of H-Ras-GDP to that of H-Ras-GNP in solution. We use accelerated MD (aMD) 29 to overcome the energy barriers for transitions between the various conformational states for Switch I and Switch II. The scattering pattern calculated from the resulting trajectory is in excellent agreement with that obtained experimentally by WAXS. Furthermore, we demonstrate the detection of changes in the equilibrium between conformational states in wild type HRas and its mutant Y71A, implicated in conformational transitions associated with Switch II. As a further demonstration of the approach, we use HIV protease as a model to test this method on an even more flexible protein with complex dynamic behavior.
Results

SAXS/WAXS of H-Ras
Figure 1(a) includes plots of observed scattering intensity from H-Ras-GDP and H-Ras-GNP. Scattering patterns from the two samples are similar but not identical. The intensity of the peak at q~0.28 Å −1 is lower for H-Ras-GNP than H-Ras-GDP, indicating that the GDP form is more rigid than the GNP form. 
MD of H-Ras
MD simulations of H-Ras-GDP (4Q21) and H-Ras-GNP (3K8Y; no bound ligands other than the nucleotide in either case) were carried out for 90 nsec using aMD. Figure 
Prediction of SAXS/WAXS patterns
We combined the calculated scattering patterns for H-Ras-GDP and H-Ras-GNP shown in Figure 1 (b) with the sigma-r plots shown in Figure 2 to calculate the predicted scattering pattern from Ras undergoing the fluctuations generated in the aMD trajectories. Comparisons of the calculated and observed scattering patterns for both complexes are shown in Figure 3 , the comparisons of SAXS patterns are shown in the insets on a semilog scale. It is immediately clear that predictions assuming a rigid protein [ Fig. 3 (a,c), black curves] do not adequately reproduce the observed data (red curves), as indicated by the fact that the scattering predicted for a rigid protein exhibits shaper peaks and deeper troughs than observed. Flattening of the peaks and filling of troughs account for the impact of flexibility in the plots shown in Figure 3 (b,d) (blue curves), particularly for H-Ras-GNP. In the case of H-Ras-GNP the fluctuations generated in the aMD simulations are entirely consistent with the SAXS/WAXS observations, as the two curves in Figure 3 (b) overlap nearly perfectly [see inset in Fig. 3(b) ]. For H-Ras-GDP the correspondence is not quite so good. As the details in Figure 3(d) suggest, although the estimate generated from thee aMD simulation is far closer to that observed than calculated from a rigid protein, the impression is that the simulation has overestimated the fluctuations [inset in Fig. 3  (b) ]. Overall, it is clear that the combination of crystal structure and MD simulation can improve prediction of solution scattering. This leads to the conclusion that aMD of H-Ras-GNP, and, to a lesser extent, H-Ras-GDP generates structural fluctuations consistent with experimental observations. The good agreement for HRas-GNP indicates that the 90 nsec aMD simulation provides an unbiased sampling of the conformational ensemble for. For H-Ras-GDP the fit is good, although the protein dynamics are somewhat overestimated by aMD. It appears that for the more rigid H-Ras-GDP the boost potential applied in aMD is not necessary and may lead to an overestimate of the flexibility in solution (see below).
Detection of substates in H-Ras-GTP protein solution
This approach can also be applied to detection of structural states in solution. H-Ras-GTP takes on two distinct states over the course of the 21,000 snapshots of the aMD simulation: the catalytically competent Rstate and the T-state with a disordered Switch II 25, 30 ( Fig. 4) . The starting model for the simulations represents Ras in the R-state, pinning the structure to the R-state early in the simulation. However, in the absence of allosteric effectors, H-Ras-GTP transitions to the T-state over the course of the simulation. Is the protein in solution represented best by R-state or Tstate? To address this, we divided the 21,000 snapshot aMD simulation into 21 parts, 1000 snapshots for each segment. These calculations indicate that a 1000-snapshot simulation is too short to adequately sample the conformational ensemble-the protein does not have adequate time to fluctuate through the entire available structural space. To quantify the extent of this short-fall, we calculated the R-factors between observed and calculated intensities to assess the evolution of dynamics during the trajectory and compare them to those observed in solution. We applied vector length convolution to generate the 21 best agreements (calculated from 21 different sigma-r plots obtained from the 21 aMD simulation segments). The results of these calculations are shown in Figure 5 : The systematic decrease in R-factor over the course of the simulation indicates that the latter parts of the aMD trajectory better represent the observed structural and dynamic state of the protein than the earlier parts. This suggests that H-Ras-GNP in the absence of an allosteric ligand is predominantly in the T-state in solution. It also indicates an evolution toward a different structural/dynamic state, consistent with the trajectory representing a transition from R-state to T-state, as shown in Figure 4 .
Identifying shortcomings in the in silico mutation model for H-RasY71A-GTP Solution scattering from H-RasY71A-GNP suggests that this variant exhibits a greater level of fluctuation in solution than the wild type protein (Fig. 6) . Figure 7 compares the observed scattering from Y71A with that calculated for a rigid protein using PDB file 3K8Y (which is a wild type structure) and using a model for the mutant in which the wild type crystal structure (PDB ID 3K8Y) was mutated in silico. The 2028 2028 PROTEINSCIENCE.ORG key features of the scattering pattern from Y71A are similar to that from wild type except the peaks are further muted and the troughs further filled in, indicative of increased flexibility in the mutant. When the dynamics of the mutant are predicted from aMD simulations based on the wild type crystal structure mutated in silico, the magnitude of the sigma-r plot is not significantly changed and, when used to predict scattering from the Y71A mutant, the computational intensities are sharper at peaks and troughs compared to the observed [ Fig. 7(b) ], which indicates the flexibility of the mutant protein in solution is significantly greater than that predicted by aMD. When the structure of wild type H-Ras-GNP (PDB ID 3K8Y) was used as the XS input (rather than the in silico mutated model) the change of a single residue led to a poorer agreement [ Fig. 7(d) ]. The R-factor between the observed and the calculated intensity is~0.057, which is worse than that obtained using the in silico mutated model as the XS input (~0.049). In addition, the peaks and troughs of calculated intensities are sharper than those of observed intensities in Figure 7 (b,d), indicating that a 90 nsec aMD simulation is inadequate to produce an unbiased sample of the conformational ensemble, regardless of whether the simulations were started with the wild type or the in silico mutated structure. From these calculations we conclude that the replacement of Y71 by alanine (i) disrupts the packing of amino acids in the structure, resulting in a conformation that is not well represented by a simple in silico mutated model; and (ii) increases the dynamic fluctuations of the protein to an extent not readily represented by the aMD simulations starting with the in silico mutated model.
Comparison of cMD and aMD
Accelerated molecular dynamics (aMD) is an efficient simulation method that allows broader sampling of the conformational space by reducing energy barriers between different states of a system. Compared to conventional molecular dynamics (cMD), aMD will access more conformational space in a specific simulation time. The sigma-r plot is a convenient way to illustrate how dramatic the impact of the reduction of energy barriers in aMD can be. Figure 8 shows a comparison of sigma-r plots for aMD and cMD simulations of the same length for H-Ras-GTP and HRas-GDP. The differences are striking. The variation of interatomic vector lengths is on average 50% higher in the aMD simulation than in cMD. This demonstrates the power of a sigma-r plot to distinguish between different MD methods.
We applied the results of the cMD simulation to predict the SAXS/WAXS patterns of H-Ras-GNP and H-Ras-GDP (Fig. 9) , whereas, the results of aMD simulations led to accurate prediction of the corresponding WAXS patterns for H-Ras-GNP [ Fig. 4(b) ]; use of cMD simulations resulted in less accurate predictions of the observed intensities [ Fig. 9(b) ]. By contrast, the aMD simulation overestimated the degree of fluctuation in H-Ras-GDP [ Fig. 4(d) ], and the lower degree of fluctuation in the cMD simulation more closely reflected the experimental results [ Fig. 9(d) ]. In Figure 9 (a,c), the sigma-r plots from the aMD and cMD simulations are shown in different colors, the discrepancies indicate aMD samples more conformations compared to the cMD.
Characterizing large-scale dynamics not reflected in MD simulations
HIV protease (HIVp) is a homodimer of 99 amino acid polypeptides that carries out sequence-specific cleavages of the viral polyprotein needed to create the protein components that are essential for viral replication. HIVp is a principal drug target for AIDS therapies and has become one of the most thoroughly studied of all proteins. Amino acid threonine 80 is highly conserved in all patient populations, both treated and untreated. Although T80 makes no direct contact with substrate or inhibitors and T80N has a crystal structure essentially unchanged from WT, 31 its replacement with any other amino acid greatly diminishes or abolishes enzymatic activity. The search for the mechanism by which this amino acid replacement impacts function has led to examination of the dynamics of T80N and MD simulations demonstrated the mutant has decreased conformational mobility in the flap regions that must open to allow substrate access to the enzymatic site. 31 X-ray solution scattering studies 5 provided further evidence for the importance of dynamics in HIVp function and the suppression of dynamics in the nonfunctional T80N. We elaborate on those studies in the context of the methods introduced here. Utilizing the approach described for H-Ras (above) we combined X-ray solution scattering observations from HIVp with the results of 100 nsec allatom MD simulations for both WT and T80N protease. As shown in Figure 10 , there is a substantial difference between observed scattering from HIVp and that calculated for a rigid protein. The features in the predicted pattern are strongly muted in the observations, suggestive of significant structural fluctuation. Furthermore, the degree of large scale molecular motions suggested by the observations cannot be explained by the level of motion exhibited by 100 nsec MD simulations (Fig. 10) . From this, we can conclude that the dynamic behavior represented in these MD simulations does not come close to explaining the structural polymorphisms within the protein solution. Much longer simulations may be required. However, the divergence at wider scattering angles indicates that the dynamics of HIVp may be too complex for the model of a single structure perturbed by fluctuations. The large-scale fluctuations of the flaps (and potentially other features) may not be readily accounted for by a single representative structure and its variants. Other factors may also be involved. First, the behavior of the flap region of the HIV protease, which is highly flexible and capable of undergoing slow, large-scale motion may make an unbiased sampling of the structural ensemble require far longer MD trajectories, bordering on microseconds to milliseconds. Second, there could be an intrinsic, static polymorphism because of damage to the proteins during isolation and purification. Third, there could be components within the experimental solution that generate structural polymorphism (either static or dynamic) that are not represented by the MD simulations.
Discussion
We have shown here that it is possible to predict, to within experimental error, the X-ray solution scattering from a protein undergoing structural fluctuations by using a combination of structural information from X-ray crystallography and dynamic information from MD simulations. We have done this without the need to construct an ensemble of structures or postulate (or fit) a set of relative abundances of representative structures. This capability provides a basis for evaluating structural ensembles generated through MD simulations; for providing experimental validation of novel MD techniques or force fields; and for exploring the impact of solution conditions on dynamics and structure.
Where this approach accurately predicts the solution scattering data, the correspondence provides strong experimental validation of the underlying model. Where the model fails to predict the solution scattering, the discrepancies provide a basis for rethinking the model, the experimental conditions under which the data were collected, or the presumption that experimental and computational conditions represent comparable conditions for evaluation of molecular behavior. Interpreting these discrepancies will be challenging and may require different strategies for different molecular systems.
When the impact of structural fluctuations is underestimated by the MD simulations the source of the discrepancy may be because of an insufficiently long simulation that led to a biased or incomplete ensemble. This can be addressed by longer simulations, by modifications to the potential to overcome energy barriers for conformational state transitions as in aMD, or potentially, by employing a coarsegrained approach. Where the MD simulation appears to generate greater flexibility than is apparent from the experimental data, the source of the differences may be less obvious. One possibility is the use of an experimental (solution state) condition that limits molecular motions in unexpected ways, or the aMD simulation is not reweighted adequately to recover the original free energy landscapes of proteins. 32 Another might be the postulation of a representative structure (from crystallography) that is not representative of the conformational ensemble in the solution conditions used A third possibility is that the model of a single dominant structure perturbed by structural fluctuations is inadequate to represent the solution ensemble. If a protein exhibits multiple conformations in solution the approach outlined here may not be adequate to model the scattering and may require a more complex approach incorporating multiple conformations. 15 For molecular systems that fluctuate around a single representative structure, the approach presented here provides a powerful tool to validate dynamic models. Comparison with observations may provide a means to evaluate how long a simulation will be required to provide an unbiased sample of the structural ensemble.
The power of our new method to evaluate how well different simulation approaches represent protein dynamics as observed in solution was exemplified with four proteins: H-Ras-GDP, H-Ras-GNP/ GTP, H-RasY71A-GNP/GTP, and HIVp, listed here in order of increasing intrinsic dynamic fluctuations as observed experimentally. These examples showcase the strengths and limitations of our method given a wide range of protein flexibility. Comparing H-Ras in the GTP versus GDP bound states show that the simulation method needed to represent the proper protein dynamics, given a 90 nsec simulation time, varies according to the properties of the protein.
While aMD most adequately represents the conformational range in H-Ras-GTP, cMD is best for the more rigid H-Ras-GDP. From this, we can conclude that H-Ras-GTP overcomes higher energy barriers in sampling its conformational states than does H-Ras-GDP, which most likely hovers around a single global energy minimum. The comparison with solution scattering data can serve as a guide and/or validation of MD simulation methods in a way that has not been possible to date. When in an appropriate context, it can be used to evaluate and select among the many existing simulation approaches or in the validation of new simulation methods being developed. In HRas71A-GNP, the point mutation increases the flexibility of the G-domain such that aMD simulations are no longer adequate to represent its dynamic behavior in solution, although it is possible that other simulations strategies or a different starting model could yield better results. The HIVp example, where the simulations are far from representing the dynamic range in solution, points to great caution in interpreting the results in terms of functional roles. Multiple simulations from different starting structures may be necessary, but it is not clear that an appropriate range of models is currently available. In general, our results demonstrate that it is important to know something a priori about the extent of dynamics associated with a given protein structure to select the most appropriate method to simulate its behavior. To date, experimental validation of MD simulations has been challenging. The method presented here provides a simple and relatively quick way to directly compare the range of flexibility obtained computationally and by WAXS in solution experiments. Application of this approach could significantly increase confidence in conclusions about protein function accessible solely by computational methods.
Conclusion
In this paper, we present a new method that combines the crystal structure of a protein with corresponding MD simulation to predict a WAXS pattern. We have applied this method to two proteins: Ras, which exhibits relatively small conformational changes in solution, and HIV protein, which exhibits larger scale fluctuations in its dynamics. We find that for Ras there is good agreement between calculated and observed WAXS patterns, indicating that the MD trajectories provided an unbiased sample of conformational states comparable to that observed in solution. For a protein like Ras our method is robust and allows the selection and validation of appropriate simulation methods. Although the approach may be limited for more flexible systems such as the HIV protease, it provides a measure of the mismatch between computed and observed flexibility. The method is able to distinguish between these two cases and can serve as a general measure of how well MD simulations represent protein ensembles in solution. The quality of fit between calculated and observed intensity provides a measure of the self-consistency of experimental and computational estimates of flexibility. MD simulations are widely used to study protein conformational properties and dynamics, with very few experimental resources available to check the quality of conformational space coverage. The results presented here indicate that WAXS data can be used to validate the extent to which computational trajectories represent an unbiased sample of the experimental ensemble.
Materials and Methods
Calculation of solution scattering from a rigid protein (XS)
To calculate the scattering intensity from a rigid protein we used the software package XS. 12 XS starts with the atomic coordinates of a protein, for instance generated by X-ray crystallography, and places water molecules around the protein, filling all space within at least 7 Å of any protein atom. It then carries out a short MD simulation of the water positions (holding the protein rigid); selects 50 snap shots of the water positions and calculates the scattering pattern corresponding to each snap shot. The MD calculations are performed using VMD 33 and NAMD 34 at 277 K using the TIP3P water model 35 and the CHARM22 force field. 36 A similar process is carried out for a "droplet"
of water (identical in shape to the protein-water drop) and the predicted scattering from the water droplet is subtracted from that of the protein. 12 In most cases, the predicted scattering intensity of a rigid protein is within experimental error of that observed. It is then possible to calculate the pair distribution function, p (r), from the intensity distribution using an indirect Fourier transform:
λ , 2θ is the scattering angle and λ is the wavelength of the X-ray beam.
Calculation of sigma-r distribution from an MD trajectory (SIGMA-R) An MD trajectory contains the coordinates of each atom at many time steps (for these calculations the trajectory is sampled at~10 psec intervals). Calculation of the sigma-r distribution requires determination of the standard deviation of each interatomic vector length over the course of the simulation. Interatomic distances are sorted from small to large, and their corresponding standard deviations averaged within intervals of Δr to determine the average σ(r) value for each interatomic distance. For comparison with X-ray results, atoms must be weighted according to atomic number because X-rays scatter from electrons and the scattering amplitude of an atom is proportional to number of electrons.
This process condenses a huge four dimensional (x, y, z, t) MD trajectory dataset into a one dimensional plot containing the standard deviation of interatomic distances sorted and averaged as a function of interatomic vector length. To minimize computation time we use a GPU + CPU combination. CPU undertakes the main sequential serial processing of the program and GPU is set for parallel calculation of the distance between each atom pair at each snapshot. A protein with n atoms, has n n− 1 ð Þ 2 interatomic distances. Adequate sampling of an MD simulation for sigma-r plots should be in excess of 10,000 snapshots, which means that the CPU will compute interatomic distances more than 10;000n n−1 ð Þ 2 times. Considering the number of atoms in a protein is always more than 10 3 , more than~10 11 interatomic distances need to be calculated. Because the interatomic distance of each atom pair at each snapshot is independent, we can assign the distance calculation of each snapshot to a GPU. For the results reported here, we utilized a locally developed Python code ("SIGMA-R" available on request) run on NVIDIA TESLA C2075 GPUs.
Vector-length convolution (FLEX)
Combining the pair distribution function calculated for a rigid protein with the sigma-r distribution calculated from an MD trajectory makes possible the calculation of the p(r) distribution for a flexible protein as in Equation 1 and the corresponding scattering intensity using
As we will report below, the results of this calculation often reproduce the observed scattering to within experimental error. In other cases, the discrepancy between calculated and observed intensity may indicate that the experimental fluctuations are of greater or lesser magnitude than those generated by MD. Where discrepancies are observed, the comparison of calculated and observed intensities indicates overestimation or underestimation of fluctuations in the MD trajectory. These calculations are carried out by a locally developed python program, FLEX.
Protein expression
H-Ras (residues 1-166) was expressed in Escherichia coli BL21 cells and purified as previously described. 38 The purified protein bound to GDP was flash-frozen and stored at -80 C until needed for WAXS data collection. Ras, bound to the nonhydrolyzable GTP analog GNP, was obtained by exchanging GDP to GNP as previously described. 28 The analogue is necessary, as GTP would hydrolyze to GDP during the experimental time frame. The mutant H-RasY71A (residues 1-166) was generated using QuikChange (Stratagene), expressed, purified and the GDP exchanged to GNP as for wild type H-Ras. HIV protease was prepared as previously described. 5 
SAXS/WAXS
Samples of H-Ras-GDP, H-Ras-GNP, and HRasY71A-GNP were prepared for solution scattering at protein concentrations of 5 and 10 mg/mL. X-ray solution scattering data were collected at the G1 beam line at the Cornell High Energy Synchrotron Source (CHESS) using an X-ray energy of 9.846 keV (λ = 1.259 Å) and beam size of~250 μm × 250 μm.
39
By collecting data simultaneously on both SAXS and WAXS detectors and combining circularly averaged data from both, intensities in the range of 0.009 < q < 0.72 Å −1 were collected. For most calculations reported here, intensities beyond q > 0.54 Å −1
were very weak and not utilized. The SAXS and WAXS data were scaled and merged by the software RAW 40 and smoothed by robust local regression method with the span of 10% of the total data points. Data from HIV protease were collected at the BioCAT undulator beamline (18ID) at the Advanced Photon Source 41 as reported previously.
5
Protein structure files PDB files 3K8Y 28 and 4Q21 42 were used to represent the crystal structures of H-Ras bound to GNP and GDP, respectively. The impact of the Y71A mutation on the structure of H-Ras-GNP was modeled by homology to PDB file 3K8Y. PDB file 1F7A 43 and 2FGV 31 were used to represent wild type HIV protease and its mutant T80N.
MD simulations
Accelerated MD (aMD) simulation trajectories were generated by NAMD, 34 including 90 nsec H-Ras-GTP, 90 nsec H-Ras-GDP, and 90 nsec H-RasY71A. For these simulations, the GNP molecule in each of the crystal structures was changed to GTP. The analogue must be used in the experimental setup and is a good representative of GTP, used for decades in structural biology work on Ras. However, force field parameters are well established for GTP, not for GNP. The conformational space sampled by Ras-GNP and Ras-GTP is expected to be highly similar, such that it is reasonable to compare the simulations on Ras-GTP with solution scattering of Ras-GNP. Because of the sampling rate changing along the trajectories, the 90 nsec data, 12,000 frames were used to calculate the sigmar distribution. We also utilized a conventional 60 nsec MD simulation trajectory of H-Ras-GDP with 10,500 frames. The simulation protocol used for both conventional MD and aMD was the same as previously published, 44 except that the aMD simulations contained the boost potential calculated as previously described. 29 Conventional MD simulations extending to 100 nsec were run on both WT and T80N HIVp structures with the AMBER8 software package 45 as described previously. 31, 46, 47 The data-collecting portion of the simulation was performed at constant temperature and pressure for 10 or 100 nsec with 1 fsec time steps.
